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Mattson DL. Infiltrating immune cells in the kidney in salt-sensitive hypertension and renal injury. Am J Physiol Renal Physiol 307: F499 -F508, 2014. First published July 9, 2014; doi:10.1152/ajprenal.00258.2014.-The importance of the immune system in hypertension, vascular disease, and renal disease has been appreciated for over 50 years. Recent experimental advances have led to a greater appreciation of the mechanisms whereby inflammation and immunity participate in cardiovascular disease. In addition to the experimental data, multiple studies in patients have demonstrated a strong correlation between the observations made in animals and humans. Of great interest is the development of salt-sensitive hypertension in humans with the concurrent increase in albumin excretion rate. Experiments in our laboratory have demonstrated that feeding a high-NaCl diet to Dahl salt-sensitive (SS) rats results in a significant infiltration of T lymphocytes into the kidney that is accompanied by the development of hypertension and renal disease. The development of disease in the Dahl SS closely resembles observations made in patients; studies were therefore performed to investigate the pathological role of infiltrating immune cells in the kidney in hypertension and renal disease. Pharmacological and genetic studies indicate that immune cell infiltration into the kidney amplifies the disease process. Further experiments demonstrated that infiltrating T cells may accentuate the Dahl SS phenotype by increasing intrarenal ANG II and oxidative stress. From these and other data, we hypothesize that infiltrating immune cells, which surround the blood vessels and tubules, can serve as a local source of bioactive molecules which mediate vascular constriction, increase tubular sodium reabsorption, and mediate the retention of sodium and water to amplify sodiumsensitive hypertension. Multiple experiments remain to be performed to refine and clarify this hypothesis.
hypertension; infiltrating immune cells CARDIOVASCULAR DISEASES (e.g., stroke, coronary heart disease, heart failure, etc.) were listed as the underlying cause of death in 1 of every 3 deaths in the US in 2007-10 (24) . Hypertension is a major risk factor for cardiovascular disease; greater than 30% of adults over the age of 20 have elevated arterial blood pressure (24) . Hypertension is also one of the primary risk factors for chronic kidney disease (CKD); ϳ26 million people in the US have CKD and 20 million are at increased risk for CKD (1) . The cause of hypertension is generally unknown, although experimental and human data indicate that infiltration of immune cells into the kidney is important in the development of hypertension and kidney damage (29, 33, 34, 59, 69, 76) . The role of immunity in hypertension and renal disease is only beginning to be understood and is the subject of this brief review.
As recently reviewed (27, 45, 64a, 71, 72) , the importance of the immune system in hypertension, vascular disease, and renal disease has been appreciated by investigators for over 50 years. In that time period, a number of investigative groups have set out to explore different aspects of this interesting relationship.
As described below, many provocative observations were made by different laboratories, but investigators were ultimately stymied by the lack of tools and reagents necessary to fully examine the role of the immune system in hypertension and renal disease and the sometimes conflicting nature of different observations. It has only been in the past decade, with the availability and use of modern immunological and genetic tools, that further progress has been made to begin to elucidate the fundamental mechanisms linking inflammation and immunity to cardiovascular and renal disease. The present review will focus upon recent experimental observations and correlate the observations made in animals to those observed in patients to lend a further understanding to human disease.
Role of the Immune System in Experimental Hypertension and Kidney Disease
Some of the earliest studies experimentally linking the immune systems with hypertension were performed by Grollman and colleagues (83) in the early to mid-1960's. Their work demonstrated that autoimmune factors play a role in renal infarction hypertension in rodents (83) . They further demonstrated that hypertension can be transferred to normotensive rats by transplantation of lymph node cells from rats with renal infarct hypertension (55) . Further studies in the mid-1970's demonstrated that an intact thymus is required for the maintenance of hypertension in mouse models of hypertension (78) and transfer of splenic cells from hypertensive rats led to elevations in blood pressure in normotensive recipients (58) . Subsequently, pharmacological studies demonstrated that chronic immunosuppression attenuates hypertension in Okamoto spontaneously hypertensive rats (SHR) and in renal infarcted Sprague-Dawley (SD) rats (36, 54) . The important original studies by these investigative groups and others (37, 38) demonstrated the prohypertensive influence of the immune system in hypertension. In contrast, other experiments demonstrated that hypertension could be corrected by thymic transplant (2) or by administration of interleukin 2 (79) in SHR rats, indicating a potential hypotensive effect of the immune system. The work of these and other groups laid the groundwork for studies currently in progress, but their experimental efforts were largely stymied by the somewhat contradictory findings in different studies and the lack of specific reagents, assays, and methodologies necessary to fully address the interaction between immunity, hypertension, and renal damage.
In the past decade, a collaborative group of scientists from different institutions in North and South America has performed a number of studies illustrating the importance of infiltration and/or activation of immune cells in the pathogenesis of hypertension and/or renal disease in rats (7, 33, 34, (65) (66) (67) (68) (69) . Perhaps the most definitive studies illustrating the importance of immune cells in hypertension have come from the group of David Harrison who utilized adoptive transfer of immune cells in immunodeficient mutant mice to demonstrate the importance of T lymphocytes in the development of ANG II hypertension (26, 27) . Experimental reports from these groups, as well as further studies that demonstrated the importance of immune cells in lupus-related hypertension (48) , intrauterine growth restriction hypertension (81), CNS-mediated hypertension (87) , and ANG II-hypertension (11, 12) , have confirmed and extended our understanding of the important role of immunity in hypertension. Together, these studies have spurred a great deal of interest in this field.
Role of the Immune System in Human Hypertension and Kidney Disease
Although there is a fairly extensive literature on this topic in animal models of disease, the literature in humans is not as sizeable. Nonetheless, data from patients are consistent with the observations made in animal studies that indicate that the immune system is important in the development of hypertension and kidney disease. Early observations demonstrated that lymphocytes infiltrate the renal interstitial spaces surrounding damaged glomeruli and tubules in hypertensive patients (74) . Moreover, a strong correlation was observed between the degree of renal arteriolar sclerosis and the aggregation of lymphocytes observed in kidney biopsies (74) . These observations were subsequently confirmed as it was demonstrated that an inflammatory mononuclear cell infiltration occurs into the arterioles and small arteries obtained from the kidney or periadrenal tissue of patients with hypertension regardless of the origin of the disease (57) . Additional studies demonstrated that the vascular necrosis and renal glomerular lesions in hypertensive patients with malignant nephrosclerosis are associated with deposition of gamma globulin and complement in the glomeruli and renal vessels (60) . Lending further support for the role of immunity in human hypertension, elevated levels of serum immunoglobulins were observed in patients with hypertension when compared with normal patients (16, 56) .
More recently, it has been shown that African-American and White hypertensives have glomerulosclerosis, renal fibrosis, and increased macrophages in the renal interstitium compared with normotensive patients (29) . Data from this study are replotted in Fig. 1 and demonstrate that hypertensive AfricanAmerican subjects have increased renal fibrosis, increased glomerulosclerosis, and increased macrophage infiltration in the kidney compared with normotensive individuals. Immunohistochemical evidence from that study indicated an infiltrate of macrophages and CD4ϩ and CD8ϩ lymphocytes in fibrotic regions of the kidneys or areas with changes in glomerular morphology related to ischemia. Supporting the human findings, it was recently reported that the circulating levels of C-X-C chemokine receptor type 3 chemokines, which are homing chemokines for T cells, are increased in hypertensive patients (85) . Moreover, patients with hypertensive nephrosclerosis were demonstrated to have increased CD4ϩ and CD8ϩ cells in the tubulointerstitial space (85) .
The correlation between infiltration of immune cells in the kidney and hypertension and/or renal disease in patients therefore appears quite clear. The functional role for these infiltrating cells in the elevation of blood pressure is not as welldefined, although several studies indicate that the severity of hypertension can be altered in patients receiving immunomodulatory therapy. The incidence of hypertension in AIDS patients is lower than in the non-HIV-positive patients; and interestingly, treatment of HIV-positive men with highly active retroviral therapy increased the incidence of hypertension to that of the general population (73) . In another study, the administration of the immunosuppressive agent mycophenolate mofetil to a small number of patients treated for rheumatoid arthritis or psoriasis led to a reduction in mean arterial pressure that was reversible when the drug treatment was stopped (28) . These findings lend support for a role of the immune system to promote the elevation of arterial pressure in hypertension. Although a cause and effect relationship cannot be determined in these studies, results of genetic association studies are also suggestive that the immune system is important in hypertension. Genetic markers in the regions of at least two genes involved in T lymphocyte signaling (SH2B3 and CD247) have been associated with hypertension in GWAS or other human genetic association studies (17, 20, 42) . Together, the histological examination of immune cell infiltration, the functional effects of immunomodulatory therapy, and the genetic association studies provide good evidence that altered or inappropriate immune cell function may participate in hypertension and renal disease in patients.
Salt-Sensitive Hypertension
Work in our laboratory has examined the potential role of infiltrating immune cells in the kidney of Dahl salt-sensitive (SS) rats as the mediators of hypertension and renal damage. As illustrated in Fig. 2A , the Dahl SS rat demonstrates a progressive increase in arterial blood pressure when the diet is switched from a low (0.4% NaCl)-to a high (4.0% NaCl)-salt content. This genetic model of hypertension exhibits many phenotypic characteristics in common with salt-sensitive hypertension in humans (8, 9, 18, 25, 40) . As recently reviewed by Kotchen and colleagues (39) , meta-analyses of human data indicate that hypertensive subjects demonstrate a sensitivity of blood pressure to sodium intake in excess of that observed in normotensive individuals. Depending on the criteria used to describe sodium sensitivity of blood pressure, between 30 and 50% of hypertensive humans exhibit a sensitivity of arterial pressure to sodium intake (35, 39) , and it was further demonstrated that changes in mean arterial pressure in response to saline infusion or sodium and volume depletion are exagger- ated in hypertensive humans compared with normotensive subjects (82) . Moreover, the salt-sensitive response of blood pressure is greatly exaggerated in African-American hypertensive patients (82) . Accompanying the increase in blood pressure in the Dahl SS rat is the development of albuminuria and renal histological damage (Fig. 2, B-D) . This observation in the Dahl SS is also consistent with increased albuminuria observed in a group of Italian subjects with salt-sensitive hypertension (6) . The Dahl SS rat therefore demonstrates many of the phenotypes observed in salt-sensitive hypertension in humans. The renal injury that occurs in Dahl SS rats following exposure to a diet containing elevated salt is also similar to that observed in the kidneys of rats with both experimental and genetic forms of hypertension and/or kidney disease (1, 63, 66, 67, 86) . Of interest, the salt-sensitive hypertension and renal disease observed in a number of other rodent models are associated with infiltration of immune cells into the kidney (47, 59, 68, 69) and are ameliorated by suppression of the immune system (1, 3, 63, 65, 67, 68) . We subsequently performed studies to examine the importance of infiltrating immune cells in the kidney of the Dahl SS.
Initial experiments were performed to examine immunoreactive markers of infiltrating immune cells in the kidney of Dahl SS rats (SS/JrHSDMcwi) fed high salt for 3 wk compared with age-matched rats maintained on a low-salt diet. Using immunoblotting protocols, we demonstrated that immunoreactive markers of macrophages, T lymphocytes, and B lymphocytes were all increased in the kidney of rats fed a high-salt diet (50) . Further studies were then performed to isolate and assess the infiltrating immune cells using a combination of tissue digestion, density gradient centrifugation, antibody-labeled magnetic microbeads, and flow cytometry. A significant infiltration of macrophages and T lymphocytes was observed in the kidney of Dahl SS rats fed a high-salt diet (13, 50) . A subsequent immunohistochemical localization of the infiltrating cells in the kidney indicated that the infiltrating macrophages (ED-1ϩ cells) are found surrounding damaged glomeruli and in the medullary interstitial spaces near blocked renal tubules (50) . A further localization of T lymphocytes using CD3 or CD43 illustrated that the infiltrating T cells are also found surrounding damaged glomeruli and tubules in the renal medulla in addition to the regions surrounding renal blood vessels (Fig. 2, E-F) (13, 14) . In contrast to the Dahl SS rat, the normal SD rat has much lower blood pressure, only traces of albumin are detected in the urine, and negligible renal damage is observed when fed a low-salt diet. These parameters are unchanged when a high-salt diet is administered for 3 wk, and SD rats demonstrate no infiltration of immune cells in the kidneys when the rats are fed high salt. The infiltration of immune cells into the kidney of Dahl SS rats is therefore likely related to the hypertensive disease phenotype.
Further flow cytometry and RNA expression studies were then performed to assess the infiltrating cells. (46) . The role and mechanism of action of different cytokines in salt-sensitive hypertension are of primary interest and an avenue of active exploration. In the kidneys of Dahl SS rats, the increased expression of these factors along with other molecules associated with T cell activity demonstrates that the infiltrating T cells in the kidney have proliferated and are activated relative to circulating T lymphocytes.
These descriptive data demonstrate remarkable parallels between salt-sensitive hypertension and renal disease in Dahl SS rats and humans. The Dahl SS exhibits an elevation of arterial pressure when sodium intake is increased; similarly, blood pressure is elevated in subjects from Japan, Italy, and the United States when NaCl intake is increased (6, 35, 82) . The Dahl SS exhibits albuminuria and renal damage associated with the elevation of arterial pressure which occurs following a high-salt diet (13) , similar to the increase albumin excretion in salt-sensitive humans (6) and consistent with the renal cortical fibrosis and glomerulosclerosis observed in hypertensive subjects (29) . Finally, there is a significant infiltration of macrophages and CD4ϩ and CD8ϩ T cells in the kidneys of the Dahl SS fed high salt (6), an additional finding that is consistent with the human data (29) . These experimental findings demonstrate that the Dahl SS rat may be a useful experimental model to explore the role of infiltrating immune cells in the kidney in salt-sensitive disease.
Functional Effects Of Immunomodulation In The Dahl SS Rat
To begin to elucidate the importance of the infiltrating immune cells in the development of salt-sensitive hypertension and renal disease, we performed a number of experiments in which pharmacological inhibitors of the immune system were administered to Dahl SS rats during the period of high-NaCl intake (13) (14) (15) 50) . The mechanistically different immunosuppressive agents mycophenolate mofetil, a purine synthesis inhibitor, and tacrolimus, a calcineurin inhibitor, were administered to groups of Dahl SS rats during the 3-wk period in which they were placed on the high-NaCl intake (13) (14) (15) . The immunosuppressive treatments did not significantly alter circulating T cells but prevented the infiltration of T cells into the kidneys of the treated animals fed high salt (13) (14) (15) . Correspondingly, the reduction in T cell infiltration was accompanied by a reduction of salt-sensitive hypertension, decreased albuminuria, and an attenuation of renal histological damage. Neither immunosuppressive agent reduced blood pressure when administered to control animals. Together, these pharmacological data indicate that immunosuppressive treatment attenuates the development of salt-sensitive hypertension and renal damage in the Dahl SS rat and is consistent with the observations made in humans. These data, however, do not definitively address the issue; the alteration of immune function in other organs or tissues could play a role in the hypertensive response, although it is most likely that the infiltrating cells in the kidney participate in the salt-induced kidney damage.
Experiments with immunosuppressive agents provided good evidence that the immune system is important on Dahl SS hypertension. To avoid the potential nonspecific side effects associated with immunosuppressive therapy and to begin to specifically target immune cell types in the Dahl SS rat, we utilized zinc finger nuclease (ZFN) technology, an approach recently described as an efficient means to generate targeted mutations in rats (22, 23) , to delete recombination activating gene 1 (Rag1) in the Dahl SS genetic background. Null mutation of Rag1 in mice leads to the failure of T and B lymphocytes to mature (51) . Targeting of exon 1 of Rag1 with the ZFN approach in the Dahl SS yielded a 13 base frame-shift mutation in the coding region of the Rag1 gene; this mutation led to a predicted stop codon downstream of the mutation. To document the null mutation of Rag1, Western blotting experiments confirmed the absence of immunoreactive Rag1 protein in the thymus of the mutant rats (49) . Flow cytometry and immunohistochemical experiments then demonstrated that the Rag1 null mutant rats (SS-Rag1 em1Mcwi ) have a significant reduction in T and B lymphocytes in the circulation (Fig. 3,  A-B ) and spleen. No differences were noted in body weight between age-matched Rag1 mutant and wild-type rats. Further phenotyping experiments then demonstrated no difference in blood pressure or albumin excretion rate when the Dahl SS wild-type and Rag1 null mutant rats were fed the low-salt (0.4% NaCl) diet from weaning. Studies were then performed on SS and Rag1 null rats fed a diet containing 4.0% NaCl for 3 wk. The infiltration of T cells into the kidney following high salt was significantly blunted in the Rag1 null rats compared with the Dahl SS wild-type rats. Accompanying the reduction in infiltration of immune cells in the kidney, mean arterial blood pressure and urinary albumin excretion were significantly lower in Rag1 null mutants than in SS rats (Fig. 3, C-D) . Finally, a histological analysis revealed that the glomerular and tubular damage in the kidneys of the SS rats fed high salt was also attenuated in the Rag1 mutants (Fig. 3, E-F ). These studies demonstrate the importance of T cells or B cells in the pathogenesis of hypertension and renal damage in Dahl SS rats.
The data from the Rag1 mutant rats indicated that T or B lymphocytes are important to amplify salt-sensitive hypertension in the Dahl SS. To more selectively address the question, we utilized the ZFN approach to selectively target T cells in the Dahl SS. The CD3 zeta chain, encoded by the CD247 gene, is involved in the assembly and expression of the T cell receptor complex as well as in signal transduction upon antigen triggering (30, 31, 77) . Importantly, a patient with somatic mutations in the CD3 zeta chain was shown to have a reduction in circulating T cells with no change in B cells (64) . Of additional interest, genetic variants in CD247 are associated with elevated systolic and diastolic blood pressure in humans (17); manipulation of the CD3 zeta chain could therefore elucidate the role of T cells in Dahl SS hypertension and also demonstrate the functional effects of a gene that is associated with human hypertension.
To test the functional role of CD247 in hypertension and renal disease, the ZFN approach was utilized to induce an 11-bp frameshift deletion in exon 1 of CD247 (70) . Western blotting confirmed the absence of CD247 protein in the thymus, and flow cytometry demonstrated that the CD247 mutant rats (SS-Cd247 em1Mcwi ) had a greater than 99% reduction in circulating CD3ϩ T cells compared with littermate controls. As observed for the Rag1 mutants, there was no difference in arterial pressure or albuminuria between the CD247 mutants and littermate wild-type controls when the rats were maintained on the 0.4% NaCl diet. After 3 wk of the 4.0% NaCl diet, the infiltration of CD3ϩ T cells into the kidney was significantly blunted in the CD247 mutant rats, although there was no significant difference in the number of infiltrating CD11bϩ cells (macrophages/monocytes). Accompanying the reduced infiltration of T cells, mean arterial blood pressure was significantly lower in CD247 mutants than in littermate wildtype control rats after 3 wk of high salt. Moreover, urinary albumin and protein excretion rates and glomerular and renal tubular damage were also attenuated in the CD247 mutant animals. These studies demonstrate that functional T cells are required for the full development of Dahl SS hypertension and indicate that the association between CD247 and hypertension in humans may be related to altered immune cell function.
Mechanism of Action of Infiltrating T Cells
The experiments above which utilized immunosuppressive agents and genetic mutation of key genes in lymphocytes indicate that the T lymphocyte amplifies hypertension and renal damage in the Dahl SS rat (13-15, 49, 50, 70 ). This conclusion is consistent with work from a number of other groups demonstrating that the infiltration or activation of immune cells in the kidney may participate in the pathogenesis of hypertension and/or kidney disease (26, 27, 33, 34, 59, 69, 76) . As we describe above, T cells and macrophages infiltrating the Dahl SS kidney are localized near damaged glomeruli and tubules and are also localized around blood vessels (13) (14) (15) 50) . Interestingly, the infiltrating macrophages and T cells in the Dahl SS kidney are observed in the regions of marked tissue damage (13-15, 50, 52) ; similarly, macrophage and T cell infiltration in the kidneys of hypertensive patients has also been reported to occur in regions in which there is marked interstitial fibrosis and glomerul damage (29) . These observations indicate that immune cells are participating in the histological and/or functional changes that occur in the kidney in hypertension. Consistent with the above observations, lymphocytes and macrophages have been localized in the renal interstitium of different rat models including hypertension induced by genetic or experimental elevation of ANG II (43, 53, 59) , two-kidney one clip hypertension (47), L-NAME-induced hypertension (63) , and genetically hypertensive rats (68) . Immunohistochemical and immunoblotting studies have characterized the infiltration of macrophages and lymphocytes (53, 59, 69, 76) as well as cells staining positive for superoxide (21, 68, 69) and angiotensin (21, 63, 67, 69) in the kidneys of hypertensive rats. Although the different cell types have been characterized, the mechanisms by which these immune cells lead to elevated levels of arterial blood pressure and renal end-organ damage are not clear. It has been proposed that the infiltration of immune cells leads to oxidative stress, and increased release of ANG II (21, 66, 69) .
To address these possibilities, we performed experiments to examine the role of ANG II and free radicals in infiltrating T cells in the kidney. We observed that the increased renal infiltration of T lymphocytes, elevation of arterial blood pressure, and increased renal glomerular and tubular damage in Dahl SS rats fed high salt were associated with an inappropriate elevation of intrarenal ANG II (13) . An analysis of circulating and intrarenal ANG II revealed that circulating ANG II was significantly decreased when Dahl SS rats were switched from a diet containing 0.4% NaCl to 4.0% NaCl, but renal tissue ANG II was not suppressed in the kidneys of SS rats fed 4.0% NaCl (13) . In contrast, both circulating and intrarenal ANG II levels were suppressed in normotensive SD rats switched from the same low-to high-NaCl diet. To investigate the potential role of the infiltrating immune cells in the inappropriately elevated ANG II in the kidney, the systemic administration of the immunosuppressive agent mycophenolate mofetil was used to prevent the infiltration of T lymphocytes into the kidney and to attenuate Dahl SS hypertension and renal disease (13) . Interestingly, in contrast to vehicle-treated rats, intrarenal ANG II significantly decreased in Dahl SS administered mycophenolate mofetil when fed high salt. These studies demonstrated a correlation between the infiltration of immune cells and the elevation of intrarenal ANG II. To establish a functional link between these observations, biochemical studies demonstrated that T lymphocytes isolated from the kidney possess renin and angiotensin-converting enzyme activity. These data indicate that infiltrating T cells are capable of participating in the production of ANG II and are associated with increased intrarenal ANG II, hypertension, and renal disease. As such, infiltrating cells may participate in the established phase of Dahl SS hypertension in part by increasing intrarenal ANG II. A separate set of studies then demonstrated that the increase in infiltrating T cells in the kidney of Dahl SS rats fed high salt is also accompanied by an increase in urinary and renal tissue thiobarbituric acid-reactive substances (TBARS; an index of oxidative stress) and an increase in immunoreactive subunits of NADPH oxidase in renal tissue (14) . Rats treated with the immunosuppressive agent tacrolimus, which blocked the infiltration of T cells into the kidney, did not have an increase in NADPH oxidase expression in the kidney or elevated urine TBARS excretion compared with vehicle-treated Dahl SS fed high salt (14) . Furthermore, an examination of the T cells infiltrating the kidney demonstrated that immunoreactive p67phox, gp91phox, and p47phox subunits of NADPH oxidase are enriched in the infiltrating cells (14) . Blockade of renal infiltration of immune cells is therefore associated with decreased oxidative stress, an attenuation of hypertension, and a reduction of renal damage in Dahl SS rats fed high salt. These pharmacological experiments thus also support a role for the infiltrating T cells as a source of free radicals in the kidney. Consistent with a role of oxidative stress in the development of this salt-sensitive phenotype, genetic deletion of the NADPH oxidase subunit p67phox blunted salt-sensitive hypertension in the Dahl SS (19) . These observations are consistent with the demonstrated importance of intact NADPH oxidase in T cells as an important mediator of ANG II-induced hypertension in mice (26) . Since the mouse strain utilized in the ANG IIhypertension model is resistant to kidney damage, it is difficult to assess the potential role of NADPH oxidase in T cells as mediators of renal damage in the mouse model, although the data in the Dahl SS indicate an important role for free radicals produced by infiltrating T cells to mediate renal damage.
Mechanisms of Activation of the Infiltrating Cells
Although a large amount of data supports a role for inflammation in the kidney, the mechanisms leading to infiltration and activation of immune cells in the kidney have proven elusive. The cause of the accumulation of deleterious T lymphocytes in the kidney may be due to nonspecific chemokines or the result of a specific antigen-induced cellular immune response. Considering the central role played by T lymphocytes in the response, a classical cellular immune response would appear to be likely, although the identification of specific antigens or neoantigens has proven elusive.
As described above, the presence of lymphocytes in the renal interstitial space has been recognized for over 50 years, but lesser attention has been given to the potential antigenpresenting cells. Although antigen-presenting dendritic cells have been extensively examined in lymphoid tissue, until the past several years, relatively little attention was given to dendritic cells present in the kidney (32) . Recent data indicate that dendritic cells form a continuous surveillance network throughout the renal interstitial space of mice (75) and humans (84) and are therefore poised to recognize foreign molecules throughout the renal parenchyma. The stimuli resulting in the presence of antigens or neoantigens in the kidney are unclear. One intriguing observation in Dahl SS rats demonstrated that the infiltration of ED-1-positive cells (macrophages/monocytes) and the renal tissue damage that occur in salt-sensitive hypertension are dependent on increased renal perfusion pressure (52) . The dependence of elevated perfusion pressure as a stimulus for T cell infiltration has not been examined, but these observations raise the possibility that alterations in the tissue related to elevated hydrostatic pressure (barotrauma, altered cytokines, increased free radicals, etc.) may play a role in the infiltration of immune cells into the renal parenchyma.
The identity of the antigens or neoantigens is unclear, although there are several intriguing possibilities. A recent study by Rodriguez-Iturbe and colleagues (62, 67a) indicated that heat shock proteins (HSP), specifically HSP70, may play a role as an antigen mediating the immune response in renal hypertension. A modification of HSP70 could provide a common antigen for the infiltration of immune cells observed in the renal parenchyma in many different experimental models of hypertension as well as in human hypertension. Another intriguing observation by Macconi and colleagues (44) indicated that sequential proteolytic cleavage of albumin by proximal tubule cells and subsequently by renal dendritic cells can generate antigenic peptides. The HSPs, albumin cleavage products, or the formation of other neoantigens could all serve as an antigenic stimulus and mediate the localized inflammatory response in the kidney which amplifies hypertension and renal disease.
Conclusion
Based on the studies described in this review, the block diagram depicted in Fig. 4 illustrates our working hypothesis to explain the role of infiltrating immune cells in salt-sensitive hypertension and renal damage. We propose that arterial blood pressure is increased in salt-sensitive individuals following an elevation of sodium intake due to a primary defect affecting renal sodium handling. We further propose that the initial increase in blood pressure damages the kidney resulting in the formation or presentation of antigens and neoantigens or the release of cytokines, free radicals, or other chemotactic molecules that mediate the infiltration and activation of immune cells into the kidney. The infiltrating cells, which surround the blood vessels and tubules, can then serve as a local source of bioactive molecules (free radicals, ANG II, cytokines, etc.) which lead to vascular constriction and increased tubular sodium reabsorption. The resulting retention of sodium and water then leads to an enhancement of the initial increase in blood pressure. It is therefore our hypothesis that the infiltrating T cells, or other immune cells, function as secondary amplifiers of salt-sensitive hypertension and renal injury.
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